The aim of this paper is to introduce and develop additional statistical tools to support the decision-making process in stock trading. The prices of CROBEX10 index stocks on the Zagreb Stock Exchange were used in the paper. The conducted trading simulations, based on the residual-based control charts, led to an investor's profit in 67.92% cases. In the short run, the residual-based cumulative sum (CUSUM) control chart led to the highest portfolio profits. In the long run, when average stock prices were used and 2-sigma control limits set, the residual-based exponential weighted moving average control chart had the highest portfolio profit. In all other cases in the long run, the CUSUM control chart appeared to be the best choice. The acknowledgment that the SPC methods can be successfully used in stock trading will, hopefully, increase their use in this field.
Introduction
The stock market is recognized as a vital part of a country's economy, finances, and growth. Tachiwou (2010) considered the stock market as an indicator of an economy's financial health and as a base for economic growth in the short and long run. The positive effects of stock markets on economic growth have also been recognized by other authors (Caporale, Howells, & Soliman, 2004; Manas, 2005) . In order to be capable of adopting the role of investors and being included in stock trading, individuals need to be financially literate ( The filter trading rules were introduced by Alexander (1961 Alexander ( , 1964 . Alexander's work on the filter trading rules presented one of the earliest academic works focused on the investigation of stock prices trends using statistical rules (Venkataramani, 2003) . His work was followed by the works of Fama and Blume (1965) and Dryden (1969) and further developed by Sweeney (1988) and Corrado and Lee (1992) . The filter-trading rule is defined as a sequence of buy and sell signals. These signals are given according to a mechanical rule. For instance, the buy signal is given if the daily closing price of an observed stock moves up at least F percent from a subsequent low. After the stock is bought, the investor holds the stock and awaits the sell signal. The sell signal is given when the closing prices drops at least F percent from a subsequent high. The subsequent lows and highs can be defined in different ways (Sullivan, Timmermann, & White, 1999) whereas the F value is the filter size for the trading rule and represents the minimally acceptable percentage change of the observed stock value for the investor.
The research question is this study is whether statistical control charts, as a statistical process control (SPC) method, could be useful in trading stocks-that is, whether control charts are capable of giving signals for buying, holding, and selling stocks. Control charts were introduced by Shewhart in 1924 (Best & Neuhauser, 2006) . Over the years, control charts, and other statistical control process methods, have found their use in different fields not only in mass production. For instance, control charts could be used in the financial analysis also. Right before the appearance of filter trading rules, H. V. was one of the first to suggest the use of statistical quality control methods for the study of market price levels and changes. Hubbard (1967) studied Moody's Composite 200 Stock Average from 1950 to 1967 and used logarithmic monthly values in order to construct control charts, which he used to determine the price trend and compare it with gross national product and personal income trends. Most importantly, he identified ways to recognize signs for buying or holding stocks. According to Hubbard (1967) , small price differences edging up and down the centre line have no recognizable pattern; consequently, such differences contain no useful information for helping an investor decide whether to buy or sell stocks. On the other hand, significant departures from the centre line signals stock price overvaluation or undervaluation.
Statistical control charts are rarely explored as a technique in stock trading and portfolio analysis (Gandy, 2012; Rebisz, 2015) . According to McNeese and Wilson (2002) , one of the main reasons for rarely using statistical control charts in financial analysis is managers' attitude that control charts are inappropriate for their kind of work. However, Kovarik and Sarga (2014) used cumulative sum (CUSUM) and exponentially weighted moving average (EWMA) control charts to deal with the corporate cash flow control. Meanwhile, Gandy (2012) used CUSUM control charts in credit portfolio analyses. Therefore, in all analyses the focus is on the analysis based on individual (I), exponentially weighted moving average (EWMA), and cumulative sum (CUSUM) control charts. These control charts are also chosen because their application is intuitive and not too complex for an average investor. Furthermore, what is also important is that the selected control charts can give immediate signals to an investor.
According to the above stated research questions and literature review, three research hypotheses are defined: In order to test these research hypotheses, data from the Zagreb Stock Exchange were used. Four parallel analyses were conducted. The analyses used open and average prices of stocks from the CROBEX10 market index in the short and long run. The observed data and used methods are explained in Section 2. The conducted short-run analysis is given in Section 3, whereas the long-run analysis is provided in Section 4. Section 5 compares and discusses the obtained results. Final conclusions and suggestions for further research are given in Section 6.
Data and Methodology
The Zagreb Stock Exchange (ZSE) is the only regulated modern stock exchange in the Republic of Croatia (Benić & Franić, 2008 ; Zagreb Stock Exchange, 2014b). In 2013, 208 stocks were listed (Zagreb Stock Exchange 2014a) as well as 9 stock (equity) indices (Zagreb Stock Exchange, 2014e). The analysis included only the CROBEX10 index, which includes 10 stocks with the highest free float market capitalization and turnover (Zagreb Stock Exchange, 2014d) and that are traded in more than 90% trading days (Zagreb Stock Exchange, 2014c). This approach ensured the use of appropriate and quality data series with enough data points for the analysis without long breaks. The CROBEX10 index composition is shown in Table 1 .
It has to be emphasized that the CROBEX10 index has two regular revisions during a year: on the third Friday in March and in September (Zagreb Stock Exchange, 2014d). Thus, the CROBEX10 index composition can be considered very unstable and changeable, which has to be taken into account in the long-run analyses of the CROBEX10 index.
Selected stocks were observed through two different periods. The first period was from 1 January to 31 December 2012 while the second period includes the period from the stocks' initial listings on ZSE to 29 August 2014. The first period will show control charts' capabilities for stock trading in the short run; the second period will show their capabilities in the long run. Because the observed stocks have different dates of their initial listings on ZSE, the overall number of trading days among them differs much more than in the short-run analysis. The stocks ATGR-R-A (1,676 trading days) and INA-R-A (1,721 trading days) have the lowest overall number of trading days. According to Table 1 , the stock PODR-R-A, which was initially listed on ZSE in 1995, has the highest overall number of trading days (4,474 trading days). Because the stock PODR-R-A has the longest trading tradition, the analysis for this stock is shown in more detail than for the other observed stocks.
In the analysis, the research variables include the opening price and the average price. Both variables are given in Croatian kuna (HRK). The variable opening price was used in the analyses mainly because of an investor's ability to react fast to the control chart signals to buy or to sell stocks. Thus, the first assumption in the opening price analyses is that the investor can trade on the same day the trading signal was received. The second assumption is that the investor can react fast, thereby securing a price equal to the opening price of that trading day.
As in the opening price analyses, in the average price analyses it is also assumed that the investor can react on the same day the trading signal was received. But contrary to the opening price analyses, in the average price analyses there is no need for the investor to be very fast in trading. In the opening price analyses, the investor has to trade right after the first or the opening price is announced whereas in the average price analysis, the investor can choose when to trade throughout the whole trading day. However, it is assumed that the investor will wait until the trading day ends, which means that the trade will be at the average price level of that trading day.
More precisely, here it is assumed that the investor has an opportunity to make the last transfer of the day.
In order to emphasize that the main goal is to earn only the difference between the buy and sell price, no additional payments are considered in the analysis. Thus, it is assumed that no additional pay outs (e.g., dividends) are made to investors. Similarly, it is assumed that there are no additional costs for investors, such as trade commissions.
From the many available statistical control charts (Montgomery, 2013; Montgomery & Runger, 2011), it can be determined that the following control charts are the most appropriate to use in this case: control chart for individual units (I), exponentially weighted moving average (EWMA) control chart, and cumulative sum (CUSUM) control chart.
The main criteria for control chart selection were intuitive approach, straightforward analysis, and sensitivity to a drift in the process. The "forgetfulness" parameter in the EWMA control chart is set to 0.3 because that is the value usually used (NIST/SEMATECH, 2013). In general, the choice of the parameter value is somewhat arbitrary (Lucas & Saccucci, 1990 
Short-run Stock Trading Analysis Based on Open and Average Prices
For the purpose of this paper, a short period is defined as the period of one year. Therefore, in the short-run stock trading analysis, only data from 2012 were used. First, the opening prices of CROBEX10 stocks were analysed. Afterwards, analyses based on the average prices of CROBEX10 stocks were conducted.
Control charts are most effective when the data are uncorrelated and are illustrated with stationary behaviour (Montgomery, 2013). Thus, the presence of data autocorrelation at the opening prices of CROBEX10 stocks was investigated.
The analysis demonstrated that all observed stocks had an autocorrelation coefficient close to 1. As a result, it was concluded that the autocorrelation problem has a significant impact on the control charts.
In order to solve the autocorrelation problem, the ARIMA(p,d,q) modelling approach was used. If the skip data procedure had been used, some trading days would not have been observed. This does not seem to be logical and surely is not acceptable for an investor. Thus, the skip data procedure was not considered. Similarly, adjusting the control limits of the existing control charts-another recommended technique for dealing with the autocorrelation problem in such cases-was not considered either because this technique assumes a low autocorrelation level, which was not the case here. Given the strong autocorrelation, significant adjustments of control limits would be required, which is not acceptable.
In order to determine the p and q levels, the auto-correlation function (ACF) and the partial auto-correlation function (PACF) were used. If the ACF cut-off after q and if at the same time the PACF showed infinite tails off dominated by damped exponential waves and cosine waves, the moving average model of order q or the model ARIMA(0,0,q) was chosen. Table 2 .
After the adequate ARIMA(p,d,q) models were chosen and the models' parameters were estimated, residuals for each CROBEX10 stock were calculated. In the further analysis, the residual-based control chart approach was used (Montgomery, 2013) . In this approach, instead of using the original data, the residuals are used in order to construct the control chart. Because of the use of residuals, the analysis results are less intuitive and interpretable than the results of the analysis in which the original data were used; however, these disadvantages of using residuals in the control chart analysis can be neglected because in this case the aim is not to interpret the results, but to observe whether a significant difference of a residual from the other residuals exists. If such a significant difference exists between real and model values from the other residual differences, the residual falls outside the control limits. In that case, if the residual is above the upper control limit, the real stock price is significantly higher than it was anticipated by the model incorporating all previous prices. This situation results in investors' motivation to sell stocks because they can achieve a significantly higher price than expected. On the other hand, investors are encouraged to buy stocks if the price is significantly lower than expected; in other words, this situation results in investors' motivation for buying. In this case, the residual is under the lower control limit.
After the selected residual-based control charts of opening prices were constructed for each CROBEX10 stock in 2012, investor trading was simulated according to the control charts' signals. In the trading simulations I, EWMA (with λ=0.3), and CUSUM control charts were used. The moving range (MR) control chart was omitted from the analysis because of its inability to provide buying signals-namely, by definition, a range cannot be negative. It is very likely that the lower control limit needs to be set at 0, and no data can have a value lower than that value. In this way, this case leads to an absence of buying signals. Furthermore, an investor's trading was simulated based on these three selected residual-based control charts with 2-sigma and 3-sigma control limits separately. Six trading simulations were conducted for each CROBEX10 stock.
It was assumed that an investor bought stocks at the very beginning of the year at the price equal to the first opening price in 2012. Similarly, it was assumed that the investor did not want to have any stocks at the end of the year. If investors had any stocks in their portfolios at the end of the year, they would have sold all stocks at the last opening price in 2012. All investors' transactions were made at the opening price level in HRK. In order to keep the analysis simple, no trade commission was considered. The investor bought only one stock for each buy signal. The buy signal was given when a residual fell below the lower control limit. On the other hand, if a residual was above the upper control limit, the sell signal was given.
In that case, the investor sold all stocks in the portfolio. Table  3 provides the stock trade simulation results based on opening prices for all CROBEX10 stocks in 2012. Table 3 shows the results of 60 stock trade simulations conducted based on opening prices for all CROBEX10 stocks in 2012. According to the results provided in Table 3 , 51 stock trade simulations gave a positive investor score whereas 9 trade simulations led to a negative score. Thus, using residual-based control charts based on opening prices and according to stated assumptions, an investor could achieve profit in 85% of the cases. Looking at the investor score according to the residual-based control charts, it can be concluded that the residual-based CUSUM control charts achieved the highest investor score in most cases. Of the 20 cases, the residual-based CUSUM control chart had the highest investor score in 12 cases, the residual-based EWMA control chart in 4 cases, and the residual-based I control chart also in 4 cases. Meanwhile, looking at the investor score according to different control limit levels, in most cases better scores were achieved when 2-sigma control limits were used. In 19 cases, higher investor scores were achieved with the use of 2-sigma control limits than with the use of 3-sigma control limits. On the other hand, the use of 3-sigma control limits, rather than 2-sigma control limits, resulted in higher investor scores in only 11 cases.
As with the opening price analysis, the average price analysis also highlighted the autocorrelation problem. The analysis indicated that the autocorrelation problem is present in all the observed stocks. In order to solve the autocorrelation problem, the ARIMA(p,d,q) modelling approach was used.
The selected adequate ARIMA(p,d,q) models for average prices of CROBEX10 stocks in 2012 are given next to the explorative analysis results in Table 4 . The ARIMA(p,d,q) modelling enabled estimating residuals for each CROBEX10 stock. In the next step, these residuals were used to form residual-based control charts (I, EWMA, and CUSUM), which enabled the introduction of the investor's CROBEX10 stock trade simulation. The investor scores based on the trade simulation of CROBEX10 stocks in 2012 can be obtained from the author upon request.
Long-run Stock Trading Analysis Based on Opening and Average Prices
In a long-run analysis, data are observed over a long periodnamely, more than one year. In this long-run analysis, prices of CROBEX10 stocks were observed from their initial listings on ZSE to 31 August 2014. The prerequisite of being on ZSE for more than a year was fulfilled by all the observed stocks. A long-run analysis based on opening prices was conducted first, followed by an analysis based on average prices. The long-run stock trading analysis based on opening prices began with an explorative analysis. According to results provided in Table 5 , as opposed to the short-run analysis, the stocks show a higher variability level in the long run. The lowest coefficient of variation in the long run is roughly onethird higher than the highest coefficient of variation in the short run. In the long run, ATGR-R-A (20.71%) and HT-R-A (21.63%) had the lowest coefficient of variation of opening prices.
Despite different variability data levels, the autocorrelation problem was also present in the long run. In order to solve the autocorrelation problem, ARIMA(p,d,q) modelling was used again. The selection of ARIMA(p,d,q) models was conducted in the same way as described earlier within the short-run analysis. The selected ARIMA(p,d,q) models are given in Table 6 .
After the selection of ARIMA(p,d,q) models, the residuals were calculated and trade simulations were performed. The results of the conducted trade simulations for CROBEX10 stocks for the period from their initial listings to 31 August 2014 are given in Table 8 . In addition to the investor score achieved using I, EWMA, and CUSUM control charts and 2-sigma and 3-sigma control limits, Table 8 also provides the number of trades. Out of 60 trade analyses conducted, the investor score was positive in 38 and negative in 22 cases. Consequently, it could be concluded that using residual-based control charts with opening prices and according to the trading simulation assumptions, an investor could achieve profit in 63.33% of the cases. Looking at the investor scores according to the used residual-based control charts, the use of the residual-based CUSUM control chart resulted in the highest investor score in most (i.e., 15) cases. The residual-based I control chart had the highest investor score in 2 cases, while the residual-based EWMA control chart had the highest in 3 cases. Looking at the investor score according to different control limits levels, in most cases better scores were achieved when 3-sigma control limits were used. In 19 cases, higher investor scores were achieved with the use of 3-sigma control limits than with the use of 2-sigma control limits. In 11 cases, the use of 2-sigma control limits resulted in a higher investor score than the use of 3-sigma control limits.
The basic explorative statistics of CROBEX10 stocks' average prices in the long run are very similar to the statistics of opening prices. Table 7 shows that only ATGR-R-A (20.71%) and HT-R-A (21.59%) had coefficients of variation under 30%.
The autocorrelation analysis of average prices revealed high autocorrelation presence for all CROBEX10 stocks. The autocorrelation problem was solved using the ARIMA(p,d,q) modelling. The selected ARIMA(p,d,q) models are given in Table 9 . The ARIMA(p,d,q) models enabled the calculation of residuals used in the construction of residual-based I, EWMA, and CUSUM control charts. These residual-based control charts and different control limits levels (2-sigma and 3-sigma level) were the basis for conducting stock trading simulations. The trade simulation results can be obtained from the author upon request.
Discussion
This paper attempted to emphasize the ability of control charts to achieve profit rather than to quantify it. This ability was observed according to used residual-based control charts (I, EWMA, CUSUM), observed periods (short run, long run), and stock prices (opening price, average price). The numbers of positive and negative investor scores according to these three variables are given in Table 8 .
Looking at prices of CROBEX10 stocks, the opening price analysis is more successful than the average price analysis.
In the opening price analysis, 89 of 120 cases had a positive investor score. In other words, in 74.17% of the cases, the investor who used an opening price analysis profited. The profit rate obtained from the average price analysis was 61.67%, which is lower than the rate obtained from the opening price analysis, although still remarkably high.
The profit rate difference is more evident when, instead of stock prices, periods of different length are compared. The control charts showed a considerably higher ability to achieve profit in the short run (80%) than in the long run (55.83%). In the context of stock trading, the I control chart has proven to be the most successful control chart in achieving profit with a profit rate of 71.25%, followed by the CUSUM control chart (70%) and the EWMA control chart (62.50%).
Examining the overall level, of 240 performed trade simulations, the investor achieved a profit in 163 and a loss in 77 cases, resulting in an overall profit rate of 67.92%. This rate is rather high, suggesting that the control charts provide a good quality basis for making decisions about trading on the stock market. The conducted statistical test confirmed the initial conclusion-namely, at the 5% significance level, α = 0.05, the null hypothesis that control charts will be successful and result in a profit of 50% or less cases can be rejected (standard error = 0.0323, z-value = 5.55, p-value = 0.0000). Thus, the first research hypothesis was accepted.
In addition to examining trade simulation cases and whether profit or loss was realized, an investor would also be interested in the total portfolio profit and investment rates. Because each trade simulation began by buying stocks at the same initial price, only the total portfolio profit was examined. The portfolio profits for given residual-based control charts, observed periods, stock prices, and different control limit deviations are shown in Table 9 .
In the short run, the highest portfolio profit was achieved by using the residual-based CUSUM control chart in all possible cases. On the other hand, regardless of the observed stock prices, if the 2-sigma control limits were used, the residual-based I achieved a higher portfolio profit than the residual-based EWMA control chart. But when the 3-sigma control limits were used, then in the short run, regardless of the observed stock prices, the residual-based EWMA control chart had a higher portfolio profit than the I control chart.
In the long-run, the supremacy of the residual-based CUSUM control chart was violated when trading stocks at average prices and using 2-sigma control limits. In all other cases the residual-based CUSUM control chart achieved the highest portfolio profit. The portfolio profit difference among the residual-based CUSUM control chart and the other two control charts used was especially noticeable if the stock trading was based on opening prices. As opposed to the short run, in the long run the difference between the residual-based I and the EWMA control charts is presented according to the observed stock prices and not according to different control limits levels. Thus, in the short run, the residual-based I control chart achieved a higher portfolio profit by using opening prices as basis for trade simulations than the residual-based EWMA control chart regardless of the control limits level. On the other hand, the residual-based EWMA control chart achieved a higher portfolio profit than the residual-based I control chart when the average price was used. Table 10 lists residual-based control charts with which the highest portfolio profit was achieved according to observed stock prices, investment length, and different control limits deviations. If stocks' opening prices and 3-sigma control limits were used, the best choice was to use the residual-based CUSUM control chart in order to achieve the highest portfolio profit through stock trading. The residual-based CUSUM control chart was the best choice in short-run investments, but because of poor scores achieved in the long run when using the average price as the basis for stock trading and 2-sigma control limits as limits for trading signals, the residual-based CUSUM control chart cannot unambiguously be recommended for use in the stock trading process. The drastically bad results of the residual-based CUSUM control chart led to the choice of the residual-based EWMA control chart as the best one for achieving the highest portfolio profit when stocks' average prices were observed and 2-sigma control limits used. Furthermore, the residual-based EWMA control chart proved to be the best choice when 2-sigma control limits were used overall.
The second research hypothesis assumed that the use of the I control chart would lead to higher portfolio profits compared to profits gained by the EWMA and the CUSUM control charts. The results in Tables 9 and 10 indicate that the I control chart was never the best choice; indeed, in most cases, it was the worst choice to use in stock trading. Therefore, research hypothesis H2 was rejected.
The results indicated that an investor should use the EWMA and/or the CUSUM control charts in the stock trading, whereas the I control chart should be omitted because of inferior results. Another consideration for investors is whether they should use opening or average prices as the starting point of the trade analysis. The portfolio profits gained by opening and average prices can be compared using data from Table 12 . In the short run and when using the control chart and different control limit levels, stock trading based on average prices achieved higher portfolio profits overall and individually than stock trading based on opening prices. On the other hand, in the long run, stock trading based on opening prices achieved higher profits overall than the trading based on average prices. However, whereas the portfolio profits achieved in the short run favoured only one certain stock price, in the long run the portfolio profits of the I and the CUSUM control charts favoured the opening price analysis and the EWMA control chart favoured the analysis based on average prices.
If the portfolio profits in the short and long run are examined together, a significantly higher portfolio profit is achieved through the use of opening prices than the use of average prices. What played a crucial role in designating the opening price analysis better than the average prices analysis on the overall level was its far better performance in the long run. Consequently, the third research hypothesis was accepted. Table 11 compares portfolio results for the "pick-and-hold" strategy and the control charts approach. In the "pick-andhold" strategy, it is assumed that an investor bought stocks on 1 January 2012 (short run) or on the day of the initial stock's listing (long run) and kept them until 31 December 2012 or 29 August 2014, respectively. In order to compare the control charts, it was assumed that an investor bought only one share of each observed stock. For the portfolio results in the control charts approach, the scores for CUSUM control charts using three standard deviation limits were used because they were the best (see Table 9 ).
The results in Table 11 show that the control charts approach resulted in higher portfolio profits in all cases compared to the "pick-and-hold" strategy. However, in the control charts approach, costs like transaction and analysis costs were excluded.
Conclusions
The paper investigated the ability to use statistical control charts in stock portfolio analyses. The preliminary analyses showed the presence of the autocorrelation problem in relation to all opening and average prices of CROBEX10 stocks on which the analyses were based. In order to overcome the autocorrelation problem, the ARIMA(p,d,q) modelling was applied. Consequently, residual-based control charts were used in the analysis. The analysed variables demonstrated the need to base the analysis on the residual-based I, EWMA (), and CUSUM control charts. Therefore, in order to research the statistical control charts' ability to ensure successful stock trading in periods of different lengths, two periods were introduced. The first, short-run, period covered from 1 January to 31 December 2012 whereas the second, long-run, period included the stocks' initial listings to 31 August 2014. The explorative analysis showed that the short-run data had significantly lower variability than the long-run data. Therefore, the short-run analysis also represented the low data variability case whereas the long-run analysis was the high data variability case.
Although the overall profit rate was 67.92%, which can be considered rather high and successful and led to the first research hypothesis being accepted, further developments of the procedure used are expected to lead to an even higher profit rate. Additional information about stocks, not included in the procedure, could significantly improve the profit rate. An investor is interested in achieving not only portfolio profit through stock trading, but also the highest portfolio profit possible. In the short run, the analysis based on the residual-based CUSUM control chart led to higher portfolio profits than analyses based on the residual-based I and EWMA control charts. In the long run, the highest portfolio profit, based on opening prices, was gained by the residual-based CUSUM control chart; if average prices were considered, then the highest portfolio profit was achieved by the residual-based EWMA control chart. Thus, the I control chart was not the most appropriate choice to use in the stock trading process. Consequently, the second research hypothesis was rejected. Despite lower portfolio profits in the short run, using the opening price instead of the average price in stock trading was justified by overall higher portfolio profits. As a result, the third research hypothesis was accepted.
This paper analysed the use of control charts in stock trading by employing a completely new approach. Therefore, much room for improvement remains. In addition, because the paper introduced a new approach, some limitations are evident. First, only very liquid stocks were observed in this paper. The potential use of control charts with rarely traded (e.g., once a week, once a month) stocks needs to be researched. Second, because the stocks from the CROBEX10 index were analysed, only those stocks in which investors were the most interested were observed. In other words, investors believed in these stocks and were convinced that the enterprises in question have a bright future. However, it would be of interest to examine control charts' profit rates for 
